Systematics of neutron energy spectra for 120 GeV protons on C, Al, Cu and W targets are presented for data measured using the time-of-flight technique, room-scattering subtraction, and experimentally determined neutron detection efficiency. The measured neutron energy spectra exhibited low-energy angular-independent and high-energy angular-dependent components, below and above about 50 MeV, respectively. The neutron yields of both components increased linearly with target thickness. We obtained neutron yields for one interaction length target and determine the normalization factors from the ratio of the target thickness to the interaction length. We observed a non-linear relationship between neutron yield and target mass number.
Introduction

1
Experimental source term-, attenuation-, and activation-data are indispensable for radiation-safety design at high-energy particle accelerator facilities. Ideally, the source term data should include neutron-production rates as well as energy and angular distributions. At present, experimental data are relatively scarce for proton beams above 10 GeV on various targets. Agosteo et al. measured neutron energy and angular distributions for 40 GeV/c mixed proton/pion beams at CERN on several target materials using the Bonner spheres and the unfolding technique [1] . Nakao et al. measured neutron energy spectra for 120 GeV/c mixed proton/pion beams on a copper target behind a concrete and iron shielding wall [2] . The above papers reported systematic discrepancies between experiments and calculations above 10 GeV.
The JASMIN (Japanese American Study for Muon Interaction and Neutron measurement) program was launched in 2007 to measure basic radiation-safety data sets for a 120 GeV proton accelerator facility under well-defined conditions [3] [4] [5] : data sets include shielding experiments with activation and the Bonner sphere techniques, induced activities in air and water, and secondary muon interaction and transport. The shielding data showed systematic discrepancies compared with the *Corresponding author. Email: toshiya.sanami@kek.jp predictions of multi-particle transport Monte-Carlo codes for both induced activities and neutron spectra.
To study the difference between calculations and experimental data, without uncertainty due to shielding material attenuation and initial guess of the unfolding method, we have measured neutron production as a source term for a 120 GeV proton beam on target. In particular, we have developed a time of flight technique with beam-uniformity correction to measure neutron energy spectra at the Fermilab Test Beam Facility (FTBF) [6] . In this paper, we report neutron energy-spectra systematics (energy, emission angle, target thickness and mass) for 120 GeV protons on C, Al, Cu and W targets using experimental data measured at 15, 30, 45, 90, 120 and 150-degree emission angles [7, 8] .
Methodology
We give only a brief outline of the neutronmeasurement methodology and data taking procedures: more detail can be found in references [6, 7, 8] .
The main features of this experiment are: (1) neutron-energy determination using the time-of-flight (TOF) technique, (2) use of experimental neutron detection efficiency [9] , (3) experimental subtraction of room-scattered neutron effects, and (4) direct counting of primary protons. Feature (1) permits precise determination of neutron energy. Features (2) and (4) provide reliable absolute normalization, whereas feature (3) allows for direct comparison between experimental results and theoretical calculations. Figure 1 shows the experimental arrangement in the MT6-2 experimental area of the FTBF. We placed the neutron production target on the beam line near the center of the MT6-2 room, and enclosed the area with an assembly of 0.9 m(W) 0.9 m(D) 2.7 m(H) concrete blocks. The area has no roof. A 120 GeV proton beam with 3×10 5 protons/spill was transported to the target area, and two plastic scintillators were placed in front of the target to count the number of protons. We used a wire chamber readout to maintain the beam position at the target center and to keep the beam size to 5 mm diameter of full-width at half maximum (FWHM).
An NE213 liquid scintillator (diameter 12.7-cm, length 12.7 cm), coupled with a photo multiplier tube, was used to measure neutron production at the target. We used a thin plastic scintillator placed in front of the NE213 scintillator to discard charged particle events. Depending on the measured angles, distances from the center of the target to the front face of the NE213 scintillator ranged from 4 to 7 m.
We used two systems, namely a waveform data taking 10-bit fast digitizer (Agilent Acqiris DC282) and a combination of standard NIM-CAMAC modules to process detector signals [7, 8] . We analyzed results mainly from the latter system, since the former exhibited relatively large uncertainties at forward angles: the floor scattering components increase with decreasing angle because of the forward peaked angular distribution of secondary neutrons and longer flight paths. Table 1 lists the targets with dimensions, densities, hadron interaction lengths (λ l ), and emission angles for data taken with the standard NIM-CAMAC module system.
For each target, we performed two data taking runs, with and without an iron shadow bar of 12-cm square and 1.0-m length. We placed the shadow bar on the pathway from the target to the detector to measure only room-scattered neutrons. Typical target run times ranged from 4 to 8 hours [7] .
We used the following equation to extract the neutron energy spectrum (d 2 Y (E)/dEdΩ) from raw data at each emission angle [6, 8] :
where the subscripts, out and in, denote measurements without and with the shadow bar, respectively. C n (E) refers to the neutron count per energy bin after n-γ and charged particle discrimination, N p denotes the number of protons, ε(E) specifies neutron detection efficiency of the NE213 determined experimentally at LANSCE, LANL [9] , S represents the detector surface area, and ∆E denotes the energy spectrum bin width. There are three correction factors in Eq. (1), namely: f dead corrects for 
Results and discussion
Neutron energy spectra
Figure 2 shows neutron energy spectra from 25 MeV to 3000 MeV at 30, 45, 120, and 150-degree emission angles for a 40-cm-long copper target. The neutron spectra consist of two components, below and above 50 MeV. The high-energy component above 50 MeV, exhibits a strong angular dependency, whereas the low-energy component below 50 MeV is almost independent of the emission angle. We observe similar trends for the neutron spectra of the other targets.
Neutron yield angular distributions
Next, we compute integral yields below and above 50 MeV to study distribution systematics. Figure 3 correspond to least-square fitting using linear and exponential equations for the low-and high-energy components, respectively. The fitting lines intersect at about 180 degrees, meaning that the component yields are comparable at this angle. The data for the other targets show similar trends. Although the number of data points is insufficient to deduce an empirical formula, the above trends could be useful for determining neutron yield systematics as well as validating simulation results. Figure 4 shows low-and high-energy component neutron-yields at a 45-degree emission angle for a copper target as a function of target thickness in hadron interaction length (λ l ) units: we only considered three different target thicknesses for the copper target. We used a linear function to obtain least square fits of the experimental neutron yields. Both components saturate at around three to four λ l , but increase linearly with target thickness up to a few λ l , meaning that neutrons from external nuclear cascade processes are not dominant. We normalized the yield to a target thickness of 1 λ l , assuming that the yield increases linearly. Because the other target thicknesses were less than a few λ l , the normalization allows us to compare neutron yields for different target materials. Figure 5 shows neutron yields normalized to 1 λ l of the target thickness for low-and high-energy components as a function of target mass number. Although the number of data points is limited, we observe the following non-linear increase of yield with 
Neutron yields as a function of target thickness
Target material dependency
where Y denotes neutron yield, x is mass number, and a and b represent fitting parameters.
Conclusion
We studied neutron energy-spectra systematics for 120 GeV proton beams on C, Al, Cu and W targets for low-and high-energy components as a function of neutron emission angle, target thickness, and target mass number. Although we obtained only a few data points, these systematics will be useful for verifying calculations and other experimental data. Future studies will focus on neutron yield as a function of incident energy. 
